The putatively non-virulent subtype of infectious salmon anaemia virus (ISAV), ISAV-HPR0, is proposed to act as a progenitor and reservoir for all virulent ISAVs and thus represent a potential risk factor for the emergence of infectious salmon anaemia (ISA) disease. Here, we provide the first evidence of genetic and functional evolution from an ISAV-HPR0 variant (FO/07/12) to a low-virulent ISAV virus (FO/121/14) in a Faroese Atlantic salmon marine farm. The FO/121/14 virus infection was not associated with specific clinical signs of ISA and was confined to a single net-pen, while various ISAV-HPR0 subtypes were found circulating in most epidemiologically linked marine and freshwater farms. Sequence analysis of all eight segments revealed that the FO/121/14 virus was identical, apart from a substitution in the fusion (F) gene (Q 266 L) and a deletion in the haemagglutinin-esterase (HE) gene, to the FO/07/12 variant from a freshwater farm, which supplied smolts exclusively to the FO/121/14-positive net-pen. An immersion challenge with the FO/121/14 virus induced a systemic infection in Atlantic salmon associated with a low mortality and mild clinical signs confirming its low pathogenicity. Our results demonstrate that mutations in the F protein and deletions in the highly polymorphic region (HPR) of the HE protein represent a minimum requirement for ISAV to gain virulence and to switch cell tropism from a localized epithelial infection to a systemic endotheliotropic infection. This documents that ISAV-HPR0 represents a reservoir and risk factor for the emergence of ISA disease.
INTRODUCTION
Infectious salmon anaemia (ISA) is a disease of farmed Atlantic salmon, Salmo salar L., listed by the World Organization for Animal Health (OIE). Epidemics have occurred in all major Atlantic salmon producing countries including Canada, Chile, the Faroe Islands, Norway, Scotland and the USA, causing severe economic and production losses [1] [2] [3] [4] [5] [6] [7] . The causative agent, infectious salmon anaemia virus (ISAV), belongs to the Orthomyxoviridae family [8] . The viral genome is composed of eight single-stranded RNA segments of negative polarity, encoding at least 10 proteins, including two glycoproteins: the haemagglutinin-esterase (HE) on segment 6 and the fusion protein (F) on segment 5. Together, these two surface glycoproteins regulate receptor binding/destroying functions and fusion activity, respectively [9, 10] .
Differences in virulence among ISAV strains have been described in several studies [11] [12] [13] [14] . Putatively uncultivable non-virulent ISAV variants (ISAV-HPR0) are characterized by an HE protein carrying a full-length highly polymorphic region (HPR) composed of at least 35 amino acids just upstream of the transmembrane domain [15] [16] [17] [18] [19] . All currently described pathogenic ISAV isolates associated with ISA disease have deletions in the HPR with over 30 different HPR-deleted subtypes identified in Europe, North America and Chile [16] [17] [18] [19] [20] [21] [22] . Sequencing and functional characterization further suggest both HPR-deletion and a Q 266 L substitution, or insertion adjacent to the cleavage site in the F protein influences ISAV virulence [22] , by promoting viral fusion and the activation of proteolytic cleavage [23, 24] . However, other viral functions, for example virus receptor binding [25] , virus uptake, replication rate, shedding of new virions [26, 27] , modulation of the host immune response [28, 29] and the ability to spread to new hosts [30] , can also influence virulence.
One major challenge for the control of ISA disease is the lack of knowledge of the mechanisms associated with the re-emergence of pathogenic strains, and the drivers for the evolution to higher virulence [31] . The common hypothesis is that all virulent ISAV strains have evolved from a reservoir of ISAV-HPR0 progenitors through deletion events in the HE-HPR [17] [18] [19] [32] [33] [34] . While ISAV-HPR0 is present in most Atlantic salmon producing countries and causes frequent and transient infections [19, [33] [34] [35] , whether this non-pathogenic variant acts as a progenitor and reservoir for virulent ISAV still remains unclear. Moreover, recent legislation adopted by the OIE made both HPR0 variants and HPR-deleted strains notifiable, which could have a far-reaching impact on salmon product exports. This further emphasizes the urgent need to understand the factors driving the evolution of a disease causing ISAV-HPR-deleted virus.
In January 2014, a new ISAV-HPR-deleted strain (FO/121/ 14) was identified through routine screening at an Atlantic salmon marine farm in the Faroe Islands. The purpose of this study was (i) by sequence analysis of the ORF of all eight segments to investigate whether the FO/121/14 virus originated from any of the HPR0 variants known to circulate in Faroese aquaculture at that time and (ii) to characterize the virulence of the FO/121/14 virus using an in vivo immersion challenge and in vitro experiments. We here demonstrate the genetic evolution of a non-virulent ISAV-HPR0 to a low-virulent ISAV-HPR-deleted virus and discuss the functional effect of key HE and F protein mutations on the shift in ISAV virulence and organ tropism.
RESULTS
Re-emergence of an ISAV-HPR-deleted isolate (FO/ 121/14) in the Faroe Islands During routine surveillance in January 2014, three out of 16 recent mortalities at marine site 4 tested positive for ISAV by RT-qPCR (Table 1, 2014a ). Partial segment 6 sequencing from one of the samples indicated the presence of a 51 bp deletion (17 aa) in the HPR corresponding to an HPR9-subtype (KIRVDAIPPQLNQTFNT -----------------M). Three weeks following this initial detection, an additional 162 fish were sampled from all four pens at farm 4, of which 148 (91 %) were found to be ISAV-positive by RTqPCR ( Table 1 ) and the seven freshwater farms (A-G in Table 2 ) that had supplied them with smolts were screened for ISAV. All six neighbouring marine sites tested ISAV-positive by RT-qPCR at some point during their marine production from 2012 to 2014 (Table 1 ). In comparison, only three smolt farms (B, F and G) tested ISAV-positive by RTqPCR during the freshwater production cycle in 2011 and 2012 (and 2013 for smolt farm B) ( Table 2) . RNA material from 264 of the 368 ISAV-positive fish (farms 1-3 and 5-7 in Table 1 and farms B, F and G in Table 2 ) was suitable for HPR-subtyping and in all 264 cases various HPR0 variants were identified by RT-PCR and sequencing (data not shown). Conversely, the FO/121/14 virus was not detected using the highly sensitive FO/121/14-specific RT-qPCR in any of the 36 ISAV-positive samples from farm B (Table 2) or the 159 ISAV-positive samples from the neighbouring marine farms 1-3 and 5-7 (Table 1) .
Molecular phylogenetic analysis of segment 6 (nt 61-1012 in the ORF of the HE gene) revealed a 100 % sequence homology between the FO/07/12 variant identified in 2012 at smolt farm B and the FO/121/14 virus identified in 2014 at marine site 4, with the two strains clustering in the EU-NA subgroup (Fig. 1) . In comparison, none of the HPR0 variants circulating in smolt farms F and G or marine farms 3-7 (ISAV RNA from farms 1 and 2 was not suitable for sequencing) were genetically identical to the FO/121/14 virus. In smolt farm F one HPR0 isolate was identified in 2011 (FO/452/11) whereas two HPR0 isolates were identified in farm G, one in 2011 (FO/455/11) and another in 2012 (FO/570/12); all three clustering in EU-NA (Fig. 1) (Fig. 1 ).
More specifically, the net-pen at farm 4, where the FO/121/ 14-positive fish were detected (Table 1) , was the only one stocked with smolts from farm B. In comparison, all other net-pens at farm 4 were stocked with smolts from farms A, C and D, which tested negative for ISAV during their production between 2011 and 2012 ( Pos., positive; Undet., undetermined.
*Only the 311 ISAV-positive fish were tested by FO/121/14-specific RT-qPCR. †78 samples had a viral load (C t >~34) too low for HPR-subtyping. FO/121/14 induces low mortality and exhibits mild clinical signs compared to Glesvaer/2/90 by experimental infection The FO/121/14 virus induced a cumulative mortality of 16 % 21 days post-infection (p.i.), which was substantially lower than the 100 % cumulative mortality 18 days p.i. for the Glesvr/2/90 virus (Fig. 2) . Uninfected negative control fish did not exhibit any mortality. The kidney of all morts tested positive for ISAV by RT-qPCR whereas all control fish were negative.
The haematocrit profile for the fish infected with the FO/ 121/14 virus remained relatively stable throughout the experiment and similar to those of the negative control fish. In comparison, a clear reduction in haematocrit was observed 8-10 days p.i. in fish infected with the Glesvr/2/ 90 virus (Fig. S1 , available in the online Supplementary Material).
Macroscopic pathological signs such as enlarged liver and spleen were observed in fish infected with both isolates, although they occurred later, were less prevalent and less severe in the FO/121/14-infected fish (Table 3) . Clinical and pathological signs of ISA in FO/121/14-infected fish were not observed until terminal sampling 28 days p.i. At this stage, half of the surviving fish showed mild clinical and pathological signs. Microscopically, congestion of red blood cells (RBCs) in the kidney and liver were observed for both the FO/121/14-and Glesvr/2/90-infected fish, without any other ISA-related pathological changes (Table 3) .
FO/121/14 shows lower replication efficiency than Glesvaer/2/90 in vivo and in vitro In the immersion challenge, statistical modelling of viral replication kinetics in gills and kidney demonstrated that FO/121/14-infected fish had a comparably overall lower amount of virus load throughout the experiment than those infected with the Glesvr/2/90 virus (Fig. 3) . In gills, FO/ 121/14 virus load increased relatively slowly and peaked around 10 days p.i. (<10 3 -fold increase) whereas Glesvr/2/ 90 virus load peaked on day 14 (>10 4 -fold increase) (Fig. 3a) . In kidney, the FO/121/14 virus was first detected 3 days p.i., followed by a 10 4 -fold increase 10 days p.i. while the Glesvr/2/90 virus was detected 3 h p.i. with a virus load increasing by 10 6 -fold 8 days p.i. (Fig. 3b) . In the growth curve experiment, in ASK cells the FO/121/14 virus demonstrated replication efficiency which was 10 1 -10 2 -fold lower than that of the Glesvr/2/90 strain throughout the course of the experiment (Fig. 3c) . Table 4 shows when ISAV NP was first detected in the different organs and the number of fish positive by IHC at each sampling point. The FO/121/14 virus showed a slower dissemination in gills and kidney than the Glesvr/2/90 virus, in line with the viral replication and growth kinetics (Fig. 3, Table 4 ).
FO/121/14 induces a substantial IFN-related response Both viruses induced substantial expression of the immune marker genes Mx and gIP in gills (Fig. 4a, c) and kidneys (Fig. 4b, d ), from 4-5 days p.i. and at subsequent time points, which mirrors the increase in viral load. The immune marker expression was significantly lower in the FO/121/14-infected fish 4-8 days p.i. compared with the Glesvr/2/90-infected fish, particularly in the kidneys (Fig. 4b, d) . Overall, the FO/121/14 virus induced a slower and lesser transcription of immune response genes compared to the Glesvr/2/90 virus.
DISCUSSION
In this study, we present the first evidence for the evolution of an ISAV-HPR0 to a low-virulent ISAV-HPR-deleted virus in Atlantic salmon reared at a marine farming site in the Faroe Islands. The genetic and functional evolution was documented through sequence analysis and experimental infection, and was supported by strong epidemiological links between the HPR0 variant and the HPR-deleted strain. Our results revealed that a deletion in the HPR of the HE gene combined with a mutation in the F gene is a minimum requirement for a shift in virulence and organ tropism. Indeed, while ISAV-HPR0 causes only a sub-clinical localized mucosal infection, the mutated low-virulent FO/121/14 virus was able to induce a systemic infection of the circulatory system. The observed mutations in FO/121/14 were however not sufficient for the evolution to a highly virulent [19] . Based on field observations, FO/121/14 demonstrated a low virulence since it did not induce any mortality or conclusive clinical signs of ISA. This was confirmed in the experimentally infected fish, which also showed a significantly lower mortality with less pronounced and milder clinical signs compared to the highly virulent Glesvr/2/90 virus. However, the internal organs of all FO/121/14-infected fish were ISAV-positive on challenge termination and over half of the fish displayed at least one of the characteristic clinical and pathological signs of ISA disease, albeit to a milder extent than fish infected with Glesvr/2/90. These results, combined with the present sequence data suggest that virulence acquisition in ISAV may be a stepwise process where accumulation of specific mutations in the two surface glycoproteins is an important first step. This is consistent with the hypothesis that these two mutations, the HPR deletion in the HE gene and the Q 266 L substitution in the F gene, represent necessary mutational steps for the transition to virulence in ISAV [18, 22] . This is also in agreement with observations in avian influenza (AI) where highly pathogenic AI viruses (HPAIV) arise from low-pathogenic AI viruses (LPAIV) by mutations of specific virulence markers and where the acquisition and increase in virulence is a stepwise process [36] [37] [38] [39] [40] [41] . Although the role of other proteins than HE and F in ISAV pathogenesis so far remains elusive, further mutations of other proteins are expected to increase virulence [11, 22, 42, 43] as demonstrated in other members of the orthomyxovirus family, e.g. influenza viruses [44] [45] [46] [47] [48] .
A major finding in the present work was that mutations of the F and HE genes are key first steps in the within-host infection dynamics, i.e. the functional shift of cell and organ tropism from an epithelial to an endothelial infection, including generalized dissemination. This is in agreement with our previous findings that non-virulent ISAV-HPR0 causes only a localized epithelial infection of mucosal surfaces of the gills and skin [19, 49] , whereas virulent ISAV-HPR-deleted shows a generalized endothelial infection of the circulatory system [50] . Furthermore, recent functional analysis demonstrated that deletions in the HE-HPR promote ISAV receptor fusion of viral and cellular membranes by which the virus delivers its genetic material into the host cell for subsequent replication [23] . Deletion of HPR facilitates the activation of the F protein post-receptor binding and subsequent proteolytic activation by a host cellular protease, while F protein mutations (including the Q 266 L substitution) directly influence proteolytic cleavage [24] . This suggests that the two mutations determine viral cell and organ tropism, and enables ISAV to fuse and replicate in a wider range of cells and organs [24] .
Two key questions that remain to be answered, particularly related to the risk of the potential emergence of a pathogenic ISAV strain from HPR0 are: when did the evolution from the FO/07/12 variant to the low-virulent FO/121/14 occur, and what was driving this evolution? It could have taken place either during the freshwater phase or after transfer to seawater. RNA viruses are characterized by a high mutation rate and rapid evolutionary potential because of the intrinsic error-prone nature of virus RNA polymerases generating viral quasispecies to maximize diversity and adaptability [51, 52] . Recently, ISAV quasispecies were demonstrated in farmed Atlantic salmon [53] . The authors identified low-frequency HPR-deleted variants in HPR0-positive screening samples from healthy fish as well as lowfrequency HPR0 variants in subsequent HPR-deleted samples from ISA diseased fish [53] . Similar findings of low-frequency HPAIV in LPAIV and vice versa have been documented in samples from a natural outbreak of AI [40] . Therefore, it cannot be excluded that the FO/121/14 variant existed as a low-frequency minority variant in FO/07/12- [14] . Statistical modelling of viral load was as outlined previously [28] . Shaded areas indicate 95 % confidence intervals [28] . Growth curves (c) in ASK cell cultures measured by TCID 50 [66] of FO/121/14 (red line and circles) and Glesvr/2/90 (green line and triangles). The cells were inspected for the development of cytopathic effect from 2 to 8 days p.i. positive samples from smolt farm B. However, we consider this unlikely as the highly sensitive FO/121/14-specific assay, developed in this study, did not detect this strain in smolt farm B. The FO/121/14 strain was detected exclusively in samples from the affected net-pen at marine farm 4, 17 months post sea transfer. This late detection indicates, together with the fact that the FO/121/14 virus was at an early evolutionary stage and was spreading fast among fish in the affected net-pen, that the transition to virulence most likely took place post seawater transfer.
The shift in virulence from ISAV-HPR0 to a disease-causing ISAV has been suggested to be a stochastic event dependent on the replication rate of the virus and the time available for virulence mutations to occur and accumulate [21] . Studies in fish and mammals have demonstrated that stress can play a key role in facilitating an increased viral replication rate because of a weakened immune response [54, 55] . The specific factors responsible for the evolution of FO/121/14 are unknown. However, before first detection of the virus, the farm had experienced a prolonged period of extreme weather conditions with high sea waves combined with [28] . Statistical modelling of immune marker expression was as outlined previously [28] . Shaded areas indicate 95 % confidence intervals [28] .
several treatments for sea lice (Lepeophtheirus salmonis). Similar stressful farming conditions, including bad weather, handling, infection with sea lice, treatments for sea lice and other environmental stressors have in several studies been associated with decreased resistance to viral pathogens and increased disease susceptibility, including ISA [54, [56] [57] [58] [59] [60] .
Our study presents for the first time data substantiating the evolution from an ISAV-HPR0 to a virulent ISAV-HPRdeleted in a field situation. Furthermore, our study suggests that a deletion in the HPR of the HE-protein together with a specific amino acid substitution in the F-protein were sufficient to change the pathogenesis from a superficial epithelial infection for ISAV-HPR0 to a generalized infection of endothelial cells for FO/121/14. These findings have several important implications for ISAV control procedures. First, this clearly demonstrates that ISAV-HPR0 detected in the Atlantic salmon production compartments can act as a reservoir from which virulent ISAV strains evolve and therefore represents a non-negligible risk for the re-emergence of ISA disease. Second, while mutations in the two surface glycoproteins represent an important first step, other mutations in different parts of the genome most likely contribute to the acquisition of higher ISAV virulence in a stepwise process. The fact that the FO/121/14 virus was detected by chance suggests that other low-virulent ISAV-HPR-deleted strains could potentially arise and go unnoticed, because most surveillance programmes rely on an infection presenting itself with conspicuous clinical and pathological signs. This clearly emphasizes the importance of implementing biosecurity procedures, in particular strict year class separations (i.e. all-in/all-out systems) during production of Atlantic salmon in both the fresh-and seawater phases to prevent the potential build-up of virulence-enhancing mutations and emergence of fully virulent ISAVs.
METHODS

Study population
The study population included seven epidemiologically linked marine farms within a management area (1-7) which were supplied with stocks from seven freshwater smolt farms (A-G). Farms 1-6 had a coordinated production cycle and were stocked from July to October 2012, whereas farm 7 was stocked in March 2013. The study period is based on samples collected throughout the production cycle from eggs/ova hatched in the seven smolt farms in 2011, to harvesting of market size Atlantic salmon at the seven marine sites in 2014. All samplings were performed in accordance with Faroese regulations on animal welfare, and included anaesthetization using Finquel Vet, followed by a blow to the head to kill the fish before sampling.
ISAV screening and identification of ISAV-HPR variants Sample collection, RNA extraction and duplex real-time RT-PCR for ISAV screening were performed as described previously [19] . Primers (LGC Biosearch Technologies, Aarhus, Denmark) and TaqMan probes (Applied Biosystems) were used for ISAV segment 8 [19] and Atlantic salmon elongation factor-1a [61] as reported previously. All samples tested ISAV-positive by the ISAV RT-qPCR assay were further analysed by RT-PCR and sequencing to identify the HPR-subtype of segment 6. A partial fragment of the HE gene including the HPR was amplified with OneStep RT-PCR (Qiagen) and the following segment 6 specific forward (ISAs6-3F: 5¢-ATGAGGGAGGTRGCATTGCA-3¢) and reverse (ISAs6-5R: 5¢-GAGCAATCCCAAAACCTGC TA-3¢) primers. The OneStep RT-PCR reaction mixture was as outlined previously [19] and included the primer mixture at a final concentration of 0.6 µM. RT-PCR amplification consisted of cDNA synthesis at 50 C for 30 min and activation of HotStart Taq polymerase at 95 C for 15 min followed by 40 cycles of denaturation at 94 C for 30 s, annealing at 58 C for 30 s and elongation at 72 C for 30 s. PCR amplicons (193 nt for HPR0 and 142 nt for FO/121/ 14) were visualized on a standard 2 % agarose gel or on an Agilent 2100 Bioanalyzer (Agilent Technologies) followed by direct cycle sequencing as outlined previously [19] .
Specific detection of the FO/121/14 virus
The RT-PCR used to identify the HPR-subtype of ISAV segment 6 demonstrated high sensitivity when fish were infected with either FO/121/14 or HPR0 variants. However, when fish were co-infected with a low level of FO/121/14 and a high level of HPR0 the sensitivity of FO/121/14 detection was very low (see below). Therefore, a real-time RT-PCR assay was designed to specifically amplify the HPR9-nucleotide sequence characteristic for the FO/121/14 virus using the following HPR9-specific forward primer (ISAs6hpr9-1F:
5¢-CTGAACCAAACATTCAATACTA TGG-3¢), the segment 6 specific reverse primer (ISAs6-4R: 5¢-CATGCYTTCCAACCTGCTAGGA-3¢) and the segment 6 specific MGB TaqMan probe (ISAhpr-P2: FAM-5¢-CAGG TTTTGGGATTGCT-3¢-NFQ). The specificity of the primers and probe was tested by nucleotide BLAST (https:// blast.ncbi.nlm.nih.gov/Blast.cgi) against all publicly available ISAV segment 6 sequences. The QuantiTect Probe RT-PCR reaction mixture was as outlined previously [19] and included the primer/probe mixture at a final concentration of 1/0.2 µM. PCR amplification was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems) and consisted of cDNA synthesis at 50 C for 30 min, activation of HotStart Taq polymerase at 95 C for 15 min followed by 45 cycles of denaturation at 94 C for 15 s and annealing/elongation at 58 C for 60 s. Amplicons were analysed with the 7500 Fast System SDS software v. 1.5.1. To monitor the efficiency and to determine the relative limit of detection (LOD) of the FO/121/14-specific RT-qPCR assay, a 10-fold serial dilution of FO/121/14-positive RNA diluted in HPR0-positive RNA was employed [19, 62] . Controls were included in each run as outlined previously [19] . 
Sequencing of the ISAV genes
The ORF of all eight segments from the FO/07/12 and FO/ 121/14 viruses were sequenced to confirm their identities. For segments 1 to 4, cDNA was synthesized using a TaqMan Reverse Transcription kit (Applied Biosystems) followed by an amplification of PCR products with a KOD Hot Start DNA polymerase (Merck). For segments 5 to 8, total RNA was amplified using a OneStep RT-PCR kit (Qiagen). Primers used for sequencing the ORF of the eight segments will be made available upon request. PCR products were purified by MinElute Gel Extraction Kit or MinElute 96 UF PCR Purification Kit (Qiagen) as per the manufacturer's recommendations. Sequencing of segments 1 to 4 was done by a commercial facility (www.dnaseq.co.uk) while segments 5 to 8 were characterized as outlined in [19] , with the same primers as used in the amplification reaction. Sequences were analysed using the Sequencing Analysis Software Version 5.4 (Applied Biosystems). The eight segments of the non-virulent FO/07/12 virus from farm B and of the low-virulent FO/121/14 virus from farm 4 were deposited in GenBank with the following accession numbers: KX823911-KX823926.
Virus cultivation
Atlantic salmon kidney (ASK) cells [64] were cultured and used for virus propagation as outlined previously [14, 65] . For primary virus isolation, cells in 24-well tissue culture plates (Nunc) were inoculated and inspected every 2 days for development of CPE. Virus infection was identified by IFAT and RT-qPCR as described previously [19, 66] . Stocks for infection challenge of the new Faroese FO/121/14 strain and the highly virulent Glesvr/2/90 strain [67] were cultured as described previously [14, 66] , reaching titres of approximately 10 5 and 10 6 TCID 50 ml À1 for the two viruses, respectively.
ISAV infection challenge
Atlantic salmon were obtained from Hendrix Genetics (Landcatch, UK) and tested negative for ISAV, viral haemorrhagic septicaemia virus (VHSV), infectious salmon necrosis virus (IPNV) and salmonid alpha virus (SAV) by real-time RT-PCR. A total of 304 smolts (83.8±18.4 g) were used in the infection challenge and kept in 12 C sea water. Two groups, each consisting of 76 fish, were infected using a 2 h immersion with either the Glesvr/2/90 or FO/121/14 virus at a titre of 10 3.5 TCID 50 ml
À1
. A third negative control group of 76 fish was exposed to virus-free tissue culture medium as described above. Fish from each of the three groups were then distributed randomly into either a sampling tank of 51 fish or an observation tank of 25 fish.
Four randomly selected fish were anaesthetized in 0.1 mg ml À1 MS-222 (Sigma) for sampling from each of the three sampling tanks at 3 h, at 1-8, 10 and 15 days p.i. as described previously [14] . At 20 days p.i., only fish infected with the FO/121/14 virus were collected since 100 % mortality occurred in the Glesvr/2/90-infected group prior to this time point. Moribund fish were sampled immediately and all remaining infected fish on termination of the experiment at 28 days p.i. Immunohistochemistry (IHC) for ISAV was performed on all formalin-fixed, paraffin-embedded samples as described previously [68] . Transcription of ISAV segment 8, immune genes type I and type II IFN, Mx, and gIP were analysed by RT-qPCR as described previously [14] using a Light Cycler 96 (Roche). Statistical analysis was performed as described previously [28] with minor modifications to allow simultaneous analysis of fish from the two infection groups. (ASPA) (www.gov.uk/guidance/research-and-testing-using-animals). A robust statistical design for the experiment was sought out from the Marine Scotland Science named statistician and approved by the MSS institutional Animal Welfare and Ethical Review Body (AWERB) (https://science.rspca.org.uk/sciencegroup/researchanimals/ethicalreview). The experiment was carried out by staff certified with all relevant establishment and project licences according to the legal requirements.
